Dichroic filters have been used to shield effectively the far infrared ͑FIR͒ detectors at the interferometer/polarimeter on TEXTOR. The filters consist of metal foils with regular holes, the hole diameter, the mutual spacing and the thickness of the foils are chosen to transmit radiation at the design frequency with transmission Ͼ90%. The attenuation at the low frequency end of the bandpass filter is about 30 dB per octave, the high frequency transmission is between 20% and 40%. The filters have been used to block the stray radiation from the megawatt microwave heating beam to the detectors of the FIR interferometer, operating with power on the detector in the milliwatt range. If required, the low frequency attenuation can be still enhanced, without compromising the transmission in the passband. The FIR interferometer used for plasma density and position control is no longer disturbed by electromagnetic waves used for plasma heating.
INTRODUCTION
On TEXTOR, the electron density is measured and feedback controlled by a far infrared ͑FIR͒ interferometer. 1 It is a
Mach-Zehnder interferometer with nine measurement channels crossing the plasma and a reference channel outside. The device is based on the design by Veron, which was adapted by Soltwisch for a combined interferometer/ polarimeter to determine not only the plasma density but simultaneously the current distribution in a tokamak. Similar devices have been installed on most of the major experiments for fusion research such as, e.g., JET, ASDEXupgrade and LHD. All these devices are operated in the submillimeter wavelength range which guarantees large phase shifts due to the plasma and minor sensitivity to mechanical vibrations of the optical elements of the interferometer. Typically, the light source is a gas laser, for the detectors, either pyroelectric elements, Schottky diodes with appropriate antennae or liquid helium cooled photo detectors have been used. Whereas the Schottky diodes are sensitive to signal overloads and misalignments of the antennae, the cryodetectors are rather bulky and difficult to integrate into a multichannel interferometer. The pyroelectric detectors are small and very robust against overloads, but they suffer from limited time resolution and sensitivity. The detectors are sensitive not only to the probing wavelength but in a large wavelength band. On TEXTOR, the FIR interferometer used for density measurement and control failed during injection of high power microwaves to the plasma for heating or scattering experiments.
EXPERIMENTAL ARRANGEMENT
For the TEXTOR interferometer, the wavelength was chosen to be 0.337 mm, it is supplied by a waveguide HCN laser of 150 mW nominally. To simplify the determination of the phase shifts, the reference beam is Doppler shifted by a rotating grating by about 10 kHz, the signals on the detectors are then modulated with the difference frequency between the probing and the reference beam. The optical phase shift between the probing beam and the reference beam corresponds then to the phase difference between the beat frequency on the probing and the reference detector. In a typical tokamak device, the maximum phase shift is larger than one fringe, in TEXTOR it is up to 12 ͑2͒, corresponding to 8 ϫ 10 19 m −2 , this is compensated by a fringe counter, which on the one hand, improves the S/N ratio, but on the other hand the full history of the discharge is required without interruptions.
The low noise pyroelectric detectors have been chosen as a compromise between sensitivity, time resolution, and robustness. After the beam splitters in the Mach-Zehnder interferometer, the power on the detectors is between 1 and 10 mW, the S/N ratio is larger than 50. The resolution of the line integrated density n / ⌬n is up to 1000. The principle layout of the interferometer for one channel is shown in Fig. 1 .
The system has been in use for many years not only for the offline determination of the density profile, but also for the online control of plasma density and the plasma position. Compared to the standard plasma positioning by magnetic coil systems and time integration of the magnetic fluxes, the interferometric signal is insensitive to drifts in the integrators, but of course, fringe jumps must be avoided safely. In some scenarios, the plasma is heated by electromagnetic waves with frequencies in the vicinity of the laser frequency. The most critical scheme is heating at the electron cyclotron frequency ͑ECRH͒ or collective Thomson scattering ͑CTS͒. For TEXTOR, the laser frequency is 890 GHz, the frequencies for ECRH and CTS are 140 and 110 GHz, respectively, the injected power is up to 850 kW for the ECRH and 400 kW for CTS. Especially during CTS, where the microwave power is not absorbed by the plasma and the beam is directed to the interferometer, the stray radiation can lead to large overload of the detectors. In principle, the signal should be independent of the stray radiation, as only the beat signal is important for the measurement of the plasma density and the signal detection can be limited to a narrow passband around the beat frequency. However nevertheless, the S/N ratio is reduced due to the noise of the heating beam and the power must not exceed the linear range of the detectors. Figure 2͑a͒ shows the control signal for the line averaged density during a CTS experiment. The microwave power was about 130 kW while the frequency was 110 GHz. The power was modulated with 25 Hz, the pulse width was 1.9 ms. At the CTS pulses, the phase measurement is temporarily lost and the density signal undergoes fringe jumps even though it is derived from a phase locked loop, which tolerates short interruptions of the phase signal. 2 Figure 2͑b͒ shows a microwave pulse, as well as the time traces of the beam through the plasma center, a channel at the plasma edge is shown too, which is connected via a tube and the reference beam. The signals of the detectors have been bandpass filtered by analog Sallen-Key ͑SK͒ filters with center frequency of 10 kHz. The frequency components around the center frequency of the SK filter during switching the microwave power give rise to a large overload of the signal and loss of phase information. During the microwave pulse, the noise superimposed to the signal is much higher than between the pulses. The disturbance on the signals is largest for the channels through the plasma center, and somewhat smaller for the channel connected via a tube and hence with smaller acceptance angle for the stray radiation. The reference is not affected by the microwave pulses. The microwave power to the detectors should be attenuated by at least a factor of 100, while the transmission at the laser frequency should as large as possible, in order not to degrade the S/N ratio.
DICHROIC FILTERS FOR GIGAHERTZ AND TERAHERTZ WAVES
Filters with these properties have been recently developed for FIR spectroscopy on astronomical objects. These dichroic filters consist of thin metal foils with holes of appropriate diameter and spacing. They behave as arrays of waveguides and transmit waves in the passband without considerable losses. Waves with lower frequencies are attenuated very efficiently, whereas the rejection for higher frequencies is less efficient. The transmission properties of dichroic filters have been investigated in detail in Ref. 3 and been compared to theoretical approaches. [4] [5] [6] The filter for TEXTOR is shown in Fig. 3 . It has been produced on a computerized numerically controlled ͑CNC͒ milling machine equipped with a high speed drill head. The filter has been manufactured in a single run in order to guarantee the diameter and the distance of the holes. The dimensions have been chosen according to the design rules in Ref. 3 , the calculated transmission is demonstrated in Fig. 4 . The foil consists of brass and is gold coated to minimize transmission losses, the thickness is 0.2 mm, corresponding to approximately one wavelength of the fundamental mode in the circular waveguide. For accurate machining, the properties of the dichroic filters are guaranteed by design and can be checked by optical inspection of the filters.
PROPERTIES OF DICHROIC FILTERS
In the passband, the transmitted wave undergoes a phase shift but no significant absorption. For frequencies below the passband, the waves are backreflected and only a small portion of the wave can tunnel the plate. For frequencies slightly larger than the passband, the transmission is reduced due to refraction and for very high frequencies, corresponding to wavelengths much shorter than the structures, the transmission is reduced to the geometric transmission, i.e., the area of the holes divided by the total active area of the filter.
As the filters have very small absorption and the radiation outside the passband is reflected, the filters are very robust and minor temperature rise is expected. The load on the detectors has been reduced considerably, low frequencies are attenuated below 0.01%, for very high frequencies the transmission is reduced by at least 60%. Except for hard x-rays which penetrate 0.2 mm of brass, the filters are effective over the full range of wavelengths, and reduce the power load on the detectors without affecting transmission in the passband. Especially in the low frequency range, where the power density in magnetic fusion experiments is high, they block the power very efficiently and prevent the detectors from being overloaded.
The properties of the filters for TEXTOR have not been measured separately, we relied on the measurements on similar filters in Ref. 3 , which were designed by the same rules and produced by the same method. There, the accuracy of the hole diameter was better than 2 m, the deviation in the position of the holes was found to be somewhat larger.
After installation of the filters, the signal amplitude of the detectors was reduced by less than 10%, the uncertainty was mainly due to the setting of the distance between the entrance window on the detectors and the pyroelectric crystal. For normal incidence of the FIR radiation, polarization effects are expected to be small and have not been observed.
Since the filters have been in use, the time traces of all probing beams and the reference beam were recorded routinely and no measurable effect of the microwave on the signals was detected in all scenarios, both for plasma heating by ECRH or ion temperature measurements by CTS, even though microwaves with up to 0.8 MW power have been injected into the plasma.
CONCLUSIONS AND OUTLOOK
Effective filter elements are now available for the far infrared spectral range. At low frequencies, the attenuation is several orders of magnitude per decade, at high frequencies, the attenuation is between 5 and 2.5. Up until now, dichroic filters with circular holes have been used. They have been fabricated by mechanical drilling of the holes, by this method, filters in a range between 100 and 1500 GHz have been produced. Due to the manufacturing in a single run, the number of holes and hence the active area of the filter is limited by the lifetime of the drills. For applications requiring passbands above about 1.5 THz, the hole diameter is too small to be drilled and other production methods such as etching or galvanic build up of the foils could be applied. If higher attenuation is required, filters with thickness of multiples of the fundamental wave can be chosen, with still higher rejection of the low frequency waves and minor effect in the passband ͑Fig. 5͒. If narrower passbands are required, stacks of filters can be combined with appropriate dimensions. 3 
